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INTDODTJCTION
Observations made during the First World War demonstrated that mustard
gas (b1s3-ch1oroethyl) sulfide, H) produces more severe injuries on human skin
which is "hot and sweaty" than on comparable areas of skin that are relatively
cool and dry (1, 2, 3). Numerous recent studies corroborate this finding and
extend it to vesicants of the nitrogen mustard series. Thus it becomes of interest
to elucidate the basis for the increased susceptibility of moist, sweating skin.
Is it related to the presence of a film of moisture on the surface of the skin, to
saturation of the superficial layers of the skin with water or other components
of sweat, to increased skin temperature, or to other alterations in physiological
state associated in some way with sweat gland activity or peripheral vasodila-
tation? Pertinent data were obtained during World War I by Smith, Clowes,
and Marshall (3) and by Sollman (4), who showed that wetting human skin with
water increases its sensitivity to H vapor.
In this paper are presented observations on the relative severity of the injuries
produced by the vapors of H and of a nitrogen mustard, ethyl—bis($-chloroethyl)-
amine (EBA), on (a) cool, not visibly sweating skin2, and (b) on comparable skin
wetted with water and in some instances covered by a thin, continuous layer of
water. Observations on the relative effects of sodium chloride solution and of
water have also been made. The results confirm and extend those of Smith
et at. (3) and may be of general interest in relation to cutaneous absorption and
percutaneous transport.
MATERIAL5 AND METHOD5
The H was a sample of mustard gas which had been prepared by the thiodiglycol method
and subsequently recrystallized five times in the laboratory of Dr. Vincent duVigneaud.
The EBA was prepared from a pure sample of the hydrochloride of ethyl-his (3-chloroethyl)-
amine by distillation in vacuo and had been stored in glass in the cold for several months.
The vesicant vapors were applied to the skin by means of the flanges and penetration
cups developed by Nagy et at. (5). The penetration cups (vapor cups) were charged with
5 to 10 milligrams of liquid vesicant—an amount more than sufficient to supply vapor for
* Received for Publication, February 3, 1947.
1 Based on work carried out by the author as Technical Aide to Division 9 (Chemistry)
of the National Defense Research Committee of the Office of Scientific Research and De-
velopment. The author wishes to acknowledge his appreciation to Commander Marion B.
Sulzberger (USNR), Lieutenant Commander Abram Kanof (USNR), and Dr. Rudolf L.
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2 Hereafter termed "unwetted" or "dry" skin.
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the periods utilized in the experiments. It was not possible for the liquid to come in con-
tact with the skin.
Nagy et at. (5) found that the rate of uptake of the vapors of H and ERA by skin to which
the vapor cups are applied is not increased in experiments in which a small fan is inserted
and magnetically operated. This finding demonstrates that the vapors within the cups
are virtually saturated in the absence of fanning. If it were to be assumed that the tem-
perature of the cups is that of the room, the vapor concentrations to which the underlying
skin are exposed would be given by the saturation concentrations (volatilities) of the com-
pounds at the prevailing temperature. The data of Itedemann ci at. (6) reveal these con-
centrations to be as follows:
ROOM TEMPERATURE
VAPOR CONCENTRATION
H FaA
(°F.)
55
60
65
70
75
micrograms/liter
360 930
460 1140
570 1400
700 1730
870 2110
Fin. 1. DIAOEAM OF THE VOLAR SURFACE OF THE FOREARMS TO Snow THE PosITioNs AT
WHICH VAPOH Curs WERE APcLIEO TO EACH OF THE SuBJECTs IN
SmilEs A THROUGH D (SEE REsULTs).
The experiments were performed during February and March of 1945 in the region of
New York City. The volunteer subjects were white males. Before and during the experi-
ments they remained seated in a cool room at n temperature of 59 to 65°F. the skin of their
arms being cool and "dry". The vapor cupswere applied to 3 positions on the inner surface
of each forearm as shown in figure 1.
Wet, water-soaked areas of skin were prepared by applying to the forearni, usually for
5 minutes, a sheet of lens paper kept thoroughly wet with distilled water. In each case
before application of a vapor cup the wet paper was either (a) removed and superficial drop-
lets of water tightly wiped from the skin, or (b) the pnper was left in place after the removal
of excess overlying water. Procedure (b) was employed to insure the presence on the sur-
face of the skin of a thin, continuous water layer through which the vesicant molecules
would have to pass before entering the skin. The lens paper supplied a loose matrix of
inert fibers which served to support and maintain the water layer. Dry lens paper weighs
about 0.85 milligrams/square centimeter, wet lens paper in the order of 5 to 6 milligrams/-
square centimeter. Thus, when a continuous water film is maintained on the skin by the
support of a layer of lens paper, the weight of the paper fibers amounts to only a fraction
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of the weight of the water in the interstices. The water film overlying the skin surface has
a thickness of about 0.05 to 0.1 millimeter.
The injuries which had developed two days after the exposures were assessed according
to the following scale, particular emphasis being placed on the relative severity of the 6
lesions sustained by each subject:
Faint erythema
B Definite erythema
E+ Raised (edematous) erythema
Blister
The relative severity of tbe injuries produced by different procedures may be compared
in various ways, the most precise being comparison between corresponding positions on the
two arms of each subject (i.e. positions 1 and 2, 3 and 4, and 5 and 6).
RESULTS
In a few preliminary experiments areas of skin on the upper and lower arm of
a subject were exposed to the saturated vapors of H and EBA. In each case
markedly more severe injury developed at areas which were wet with distilled
water during the exposure than at comparable areas which were unwctted.
Figure 2 depicts a striking result which subsequent experience has shown to be
typical: subsequent to an 8—minute exposure to EBA vapor a blister developed
at the site (a) which was wet during the exposure, whereas a nearby site of dry
skin (5) sustained only a very faint crythema with small areas of definite cry-
thema about the hair follicles. The limited but suggestive preliminary data
prompted the carrying out of the following 4 series of experiments.
Scrics A
Experiments were performed with 3 subjects to compare the injury—producing
potency of H vapor on dry forearm skin and on forearm skin wetted with water
and covered by the thin, continuous film of water that was supported by a layer
of lens paper. H vapor cups were applied to each of the water—covered positions
(positions 1, 3, and 5 of figure 1) for 3, 1.5, and 0.75 minutes, and to each of the
corresponding areas of unwetted skin (positions 2, 4, and 6) for 3 minutes.
The results are summarized in table 1. In all 3 cases 3—minute applications
of H vapor produced markedly more severe lesions on the wetted skin than on the
corresponding areas of dry skin. When the exposure time at the wet positions
was reduced to one-half that at the corresponding dry areas, the injuries de-
veloping at the former were more severe in 2 of 3 cases. Reduction of the
exposure time at the wet positions to one-fourth resulted in injuries which were
less severe in all 3 cases than were those produced at the corresponding areas of
dry skin. It is concluded that wetted skin, even when covered by a thin, con-
tinuous layer of water, is notably more susceptible to injury by saturated H
vapor than is dry skin.
Series B
Experiments were performed with 3 subjects in order (1) to compare the
injury-producing potency of H vapor on dry forearm skin and on skin wetted
a
- 
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Fia. 2. LEsIONs THAT HAD 1)EvELOPED ONE DAY AFTER APPLICATION OF EBA VAPOR Cues
FOR 8 MINUTES TO AREAS OF SKIN ON THE UPPER ARM.
a, blister (V) at position where vapor had been applied to water-wetted skin covered
with a thin, continuous layer of water supported by a sheet of lens paper. 5, faint erythema(E—) with follicular erythema (E) at position where vapor had been applied to unwetted
skin. The room temperature at the time of the exposures was 74°F. and the relative humid-
ity about 25 per cent.
TABLE 1
Lesions produced by application of H vapor cups to dry skin and to wet skin
covered by a thin continuous layer of water*
The room temperature was 60 to 64°F. and the relative humidity 46 to 51 per cent.
SUBJECT NUMBER
1
2
3
WATER LAYER ON WET SKIN
--________________
DRY SKIN
Exposure time 2-day lesion
minutes
3 E
3
3 E+
Exposure time
minutes
3
3
3
2-day lesion
V
E+
V
1
2
3
1.5
1.5
1.5
E+
F
E
3
3
3
E
F—
E+
1
2
3
0.75
0.75
0.75
E—
F—
E—
3
3
3
E
E+
E+
* Supported by lens paper.
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with water but not covered by a continuous film of water (positions 1 VS 2); to
determine whether or not wetted skin upon drying regains approximately the
same susceptibility to injury by H vapor as is possessed by unwetted, dry skin
(positions 3vs 4 and 5 vs 6) ;and (3) to determine whether or not lesions produced
by H vapor on dry skin are affected by wetting and washing the skin with water
at the end of the exposure period (positions 2 and 6 vs 4). H vapor cups were
applied to each position for 3 minutes.
The results are summarized in table 2. In all 3 cases 3—minute applications
of H vapor produced markedly more severe lesions on wetted skin than on the
corresponding areas of dry skin, confirming the findings of Series A and revealing
that the presence of the overlying continuous layer of water supported by a
TABLE 2
Lesions produced by application of H vapor cups to dry skin and to skin wetted
with water and allowed to dry for 0 to 15 minutes
All exposures were of 3 minutes' duration. The room temperature was 59 to 60°F. and
the relative humidity 34 to 38 per cent.
SVBJRCT NOMBER
WETTED SKIN AI.LOWED TO DRY DRY SKIN
Drying time 2-day lesion 2-day lesion
1
2
3
minuks
0
0
0
V
V
V
E—toE
E
E—
1
2
3
7
7
7
E
E+
E+
E—
E
E—
1
2
3
15
15
15
E
E
E
E
E
E—
sheet of lens paper is not a necessary condition for the increased susceptibility of
the wet skin. When wetted skin was allowed to dry for 7 minutes before appli-
cation of H vapor (the skin was no longer obviously wet), somewhat more severe
injuries were produced than on corresponding areas of dry skin. The wetted
skin appeared to have dried completely within 15 minutes and application of the
vapor cups then produced injuries which were not significantly different than
those sustained by dry, unwetted skin. It is concluded that the change in
susceptibility induced by wetting with water is, at least in large part, reversible—
that is, wetting with water and subsequent drying does not leach out, or other-
wise significantly alter the distribution of, substances having a pronounced
effect on the susceptibility of the skin. Two of the 3 tested positions of dry
skin on each subject were washed with water immediately subsequent to the
exposure to H vapor, whereas the third position remained untreated. This post—
exposure wetting had no detectable effect on the severity of the injury.
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&ries C
Experiments were performed with 3 subjects to compare the injury—producing
potency of H vapor on forearm skin wetted with (a) distilled water and (b) 4 per
cent sodium chloride in water. One pair of skin areas on each volunteer was
covered with a sheet of lens paper in order to insure the presence of a thin but
continuous film of water or salt solution over the wetted skin. The other two
pairs of areas on each volunteer were merely wetted and the overlying sheet of
lens paper saturated with water or salt solution was not prcsent during the
exposure to vapor. H vapor cups were applied to each position for one minute.
The results are summarized in table 3. There were 9 pairs of exposed skin
areas, 3 on each of the subjects. The injuries produced at the positions wet
with water were slightly more severe than at the corresponding positions wet
TABLE 3
Lesions prodvced by application of H vapor cups to skin wet with distilled water
and to 8km wet With 4 per cent Sodium Chloride solution
All exposures were of 1 minute's duration. The room temperature was 64 to 65°F. and
the relative humidity 35 to 43 per cent.
SUBJECT NW(BER
2-DAY LESIONS
Skin wetted with water Skin wetted with 4 percent NaCI
1
2
3
wet lens
paperon
wetskin
E—
E
EtoE+
E— to E
E
E
1
2
3
np wet lens
paper on
wet skin
E— to E
E+
E+
E—
E
B to E+
1
2
3
no wet lens
paper on
wet skin
E—
E
E+
E—
B—
EtoE+
with 4 per cent sodium chloride in 6 instances, slighQy less severe in one instance,
and equally severe in 2 instances. However, in every pair of observations the
difference between the severity of the injuries was small. It is concluded that
under the conditions of the experiment any difference which may exist between
the reactions of skin wetted with water and with 4 per cent salt solution is not
marked.3 The existence of even a small difference has not been established with
statistical significance, nor has it been excluded. It is also apparent that the
'Although some sodium chloride may have been present at the positions wet with dis-
tilled water, the amount is beLieved not to have been large because (a) the subjects had not
sweated heavily since their last shower, and (b) the tested skin was liberally soaked with
water before exposure in order to leach out and dilute any sodium chloride or other solutes
that may have been present.
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severity of the injuries produced by application of H vapor for one minute to
skin wetted with water and with salt solution was not markedly influenced by
the presence or absence on the skin of the thin but continuous aqueous layer
which was supported by a sheet of lens paper.
Series D
Experiments were performed with 3 subjects to compare the injury-producing
potency of EBA vapor on dry skin and on skin wetted with water and covered
by the thin, continuous layer of water that was supported by a layer of lens
paper. EBA vapor cups were applied to the wetted skin positions for 8, 4, and
2 minutes, and to each of the corresponding areas of dry skin for 8 minutes. The
procedure was identical to that of Series A except that the vesicant agent was
EBA instead of H and the exposures were 2 and two-thirds times longer.
TABLE 4
Lesions produced by application of EBA vapor cups to dry skin and to wet
skin covered by a thin, continuous layer of water°
The room temierature was 62 to 640 and the relative humidity 41 to 45 per cent.
9VB3KCT NUWBER
WAru LAYER ON WET SKIN DRY SKIN
Exposure time 2-day lesion Exposure time 2-day lesion
1
2
3
minutes
8
8
8
V
V
V
minutes
8
8
8
E—, follicular E
E—
E
1
2
3
4
4
4
E+
E
V (partial)
8
8
8
E—, follicular E
E—
E
1
2
3
2
2
2
E— to E
E—
E—
8
8
8
E—, follicular E
V
E
* Supported by lens paper.
The results are summarized in table 4. In all 3 cases 8-minute applications of
EBA vapor cups produced markedly more severe lesions on the wetted skin than
on the corresponding areas of dry skin. When the exposure time at the wet
positions was reduced to one-half that at the corresponding dry areas, the in-
juries developing at the former were more severe in all 3 cases. Reduction of
the exposure time at the wet positions to one-fourth resulted in injuries which
were less severe in 2 of 3 cases than were those produced at the corresponding
areas of dry skin. It is concluded that wetted skin, even when covered by a
thin, continuous layer of water, is notably more susceptible to injury by satu-
rated EBA vapor than is dry skin.
82 THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
DISCUSSION
All the observations point to the conclusion that a major factor responsible
for the well—known heightened susceptibility of hot, sweating skin to the vapors
of H and of the nitrogen mustard EBA as well is the mere presence of large
amounts of water in the surface layers during the exposure period. Other com-
ponents of sweat, elevated skin temperature, and additional physiological changes
associated with sweat gland activity and peripheral vasodilatation may also play
significant roles, but no evidence as to their importance has yet been forthcoming.
As the experiments have been confined to tests with saturated vapors, it cannot
be stated whether or not water plays an equally prominent role in determining
the enhanced susceptibility of hot, moist skin exposed for longer times to rela-
tively low vapor concentrations.
The effect of addition of sodium chloride to the water with which the skin was
soaked is of interest because this salt, a major component of sweat, (a) decreases
the solubility of H in water, (b) decreases the over-all rate at which H molecules
become "activated," i.e., potentially capable of reacting with chemical groupsin
the skin, and (c) may also affect the penetrability of the superficial layers of the
skin by altering the swelling and other properties of the molecular constituents.
Effect (a) is definite, the solubility of H in water being reduced about 50 per
cent by addition of 5 per cent sodium chloride (7). Effect (b) is marked; for
example, the hydrolysis rate of H in water is reduced 10-fold by addition of 5.7
per cent sodium chloride (7). It is therefore of interest that, in the experiments
of Series C, the reaction of skin wet with 4 per cent sodium chloride in water was
not markedly different from that of skin wet with distilled water, but general
conclusions concerning the possible role of salt cannot be drawn from an experi-
ment testing the effect of a single concentration.
To facilitate an attempt to explain the observed effect of wetting on the
susceptibility of the skin to injury, the system under consideration may be de-
picted as follows:
A 1 B C
air containing molecules of superficial and intermediate living cells of the basal
H or EBA layers of the skin epidermal layers and of
the dermis
It is assumed that skin injury depends upon the penetration of H or EBA mol-
ecules (and their toxic, diffusable reaction products) through interface 1 and
layer B, and the subsequent reaction of some of these molecules with the living
cells of C. Interface 1 presents a barrier, and B may be viewed both as a barrier
and as a reservoir. Application of water to the skin must involve the wetting
of interface 1 and the more or less complete saturation of at least the superficial
layers of B with water, but it is difficult to imagine that the living cells of C or
the composition of the fluid surrounding them would be much altered under the
conditions of the experiments. On this basis it may be concluded that one or
both of the following general mechanisms underlie the enhancing action of water
on the cutaneous injury produced by given exposures to the vapors of H and EBA:
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1. Increase during the exposure period of the effective rate of penetration of the
molecules or their toxic reaction products through the barrier presented by
interface 1 and layer B to the living cells of layer C. It should be recognized
that changes produced in B by addition of moisture may result in changes in the
relative amounts of the original vesicant and of its toxic intermediate reaction
products that reach layer C. The injury-producing effectiveness of various of
these molecular species will not necessarily be the same.4
2. Increase of the effective amount of vesicant and its toxic reaction products
that after the exposure period diffuses from the reservoir of layer B into C. This
amount might be enhanced when the skin is wet either because the accumulated
diffusable reservoir is greater or because less of it escapes back into the air after
the end of the exposure period. Recent work (cf. Henriques et al., 12) has
served to emphasize that the reservoir of free H in unwetted human skin exposed
to H is very small, but the older results of Smith et al. (3) indicate that it may
nevertheless be large enough to contribute significantly to the effects observed in
short exposures to high concentrations of vesicant vapor such as were employed
in the present experiments. The size of the reservoir in wetted skin does not
appear to have been determined, nor have appropriate measurements been made
after exposures for long times to low concentrations of vapor.
On the basis of recent papers and reviews (cf. 8, 9, 10, 13, 14), the majority of
dermatologists and skin physiologists appear to believe that many substances
penetrate the skin practically exclusively via the hair follicles and sebaceous
glands, that the stratum corneum affords no significant barrier to penetration, and
that the major barrier to penetration of the interfollicular epidermis exists at
about the level of the stratum lucidum. The present experiments afford no
critical evidence bearing on the validity of these concepts for the penetration of
H and EBA, because the data reveal neither the pathways of penetration of H
and EBA nor the depths to which brief surface applications of water affect the
structure of the skin. However, it is clear that the effect of wetting must be
explained in terms of the function as barriers or reservoirs of parts of the skin
that are altered by surface application of water. It is thus natural that attention
should be focused upon the skin surface and the superficial keratinized layers as
the structures most obviously affected. It is well known that these layers can
absorb large quantities of water and that the ultramicroscopic structure of dry
keratin is modified by addition of water; and some years ago Leslie-Roberts (15)
H and EBA are highly lipoid-soluble and only slightly soluble in water (about 0.9 and
3.0 grams per liter, respectively, at 25°C). They thus possess a combination of properties
believed by some authors to be optimal for absorption through the skin (cf. 8, 9). Once
dissolved in water both substances undergo transformations to various highly soluble,
reactive, and toxic intermediate products. For example the first intermediates are 1-a-
chloroethyl-ethylenesulfonium ion and l-ethyl-l-$-chloroethyl-ethylenimonium ion, respec-
tively. The final hydrolysis products, thiodiglycol and ethyldiethanolamine, are virtually
non-toxic. An abbreviated scheme and discussion of the reactions is given in the review
of Gilman and Phillips (11). It is not believed that the vesicants produced pathological
changes significantly affecting the penetrability of the skin during the exposure period,
because the first indications of erythema appeared only many minutes later.
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stressed the possible role of keratin as an adsorbent of solutes from aqueous
solution applied to the skin. Inasmuch as the applied water conceivably may
in addition penetrate into and modify the properties of hair follicles and the
intermediate epidermal layers, the anatomic limits of the water-sensitive parts
of layer B cannot at present be definitely defined. If the intermediate layers are
not affected by surface water (ef. 8), then there must be elsewhere in the skin a
water-sensitive barrier or reservoir that is significant in the penetration of H and
EBA.
A sufficiently thick layer of water (or any other substance) would clearly
afford an effective barrier to the transport of any material, but the experiments
of Series B indicate that a thin, continuous layer of water over water-soaked skin
presents no significant added resistance to the entrance of H.
The results raise the general question of the extent to which the cutaneous
absorption and percutaneous transport of substances other than H and EBA,
from liquid as well as from vapor phases, may be influenced by the water content
of the more superficial layers of the skin. Although no attempt is here made to
review the literature in detail, some recently recorded evidence does appear to
indicate that a number of substances penetrate more effectively from aqueous
solutions and from vehicles containing water than from non-polar media (cf. 13,
16).
SUMMARY
1. In extension of observations made with mustard gas (H) during the First
World War, experiments have been performed in which cups containing the
saturated vapor of H or of a nitrogen mustard, ethyl-bis(,9-chloroethyl)amine
(EBA), were applied to small areas of skin on the forearms of velunteer subjects
who were seated in a cool room and were not perceptibly sweating.
2. The vapors of both H and EBA produced markedly more severe injuries on
areas of skin that were wet with distilled water and covered by a thin, continuous
layer of water than on comparable areas of skin not wet with water.
3. In spite of the pronounced effects of sodium chloride on the solubility and
rate of reaction of H, a marked difference did not exist between the Severity of
the injuries produced by exposure to H vapor of skin areas wet (a) with distilled
water and (b) with 4 per cent sodium chloride in water.
4. It is concluded that the mere presence of large amounts of water on and in
the more superficial layers is to a considerable degree responsible for the well-
known heightened susceptibility of hot, sweating skin to the vapors of such
vesicants as H and EBA.
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